ABSTRACT: Evaluation of the performance of aging structures is essential in the oil and gas industry
INTRODUCTION
Corrosion is a critical problem in the gas pipeline industry and elbows are one of the most corrosion prone structures in gas pipelines. It is especially important to maintain gradually corroding metal pipelines in the subsea industry. As corrosion grows, it causes material degradation in the corroded area, which finally ends in structural failure or a burst pipe. Some studies have attempted to predict pipeline failure in terms of the remaining strength capacity using deterministic or probabilistic approaches.
Previous studies have assessed the importance of corrosion damage evaluation for numerous structures, including gas pipelines and offshore structures, and assessed their mathematical models (Bai and Bai, 2005; Bai and Bai, 2014; Kim et al., 2013; Kyriakides and Corona, 2007; Mohd et al., 2014) . These techniques have been widely used in the last few decades. Sharma (2007) discusses the pipeline integrity regulation requirements (ASME B31. 8S, 2014; API RP 580, 2013; API RP 1160 , 2013 ASME B31G, 2009 , and API 1156 , 1999 and how it can be best implemented to achieve reliability, sustainable profitability and regulatory compliance of pipeline systems. Those regulations are not specifically designed for subsea pipeline. Several evaluation codes have been developed for these approaches, such as ASME B31G (2009), Modified B31G (Szary et al., 2006) PCORRC (Cosham and Hopkins, 2004) , DNV-RP-F101 (2010) , and Shell 92 (Klever et al., 1995) . Because these conventional design codes are based on various assumptions and simplifications, they are not fully able to predict the failure probability of pipelines, especially when the shape of the structure is more complicated than a simple straight pipe. As a result, the safety factors used in these methods are too high.
The calculations of the pipeline life time and the out of service time are shorter than in reality due to the very conservative nature of the codes. In fact, code-based corrosion assessments are mostly probabilistic. Accordingly, the measurements calculated based on the codes are somewhat uncertain and inaccurate and the deterministic methods frequently fail to predict the exact burst pressure. The conservative nature of the codes has motivated researchers to select statistical probabilistic methods to obtain more precise and accurate output results. A great deal of attention has focused on developing probabilistic models that predict the failure criteria of straight pipelines and their remaining life time by producing failure equations. However, very few studies have examined complicated shape structures such as elbows, U shapes and T shapes. Besides the conventional design codes, numerical analysis methods have been used to evaluate the burst pressure and calculate the remaining strength of elbows with defects.
Although the existing research has mainly focused on the defect size, few studies have considered the location of the defect. Defects located on extrados exhibit different behavior than those located on intrados or the crown area of the elbow. This motivated the authors of this study to develop a new method to achieve more accurate failure modes for all defect locations on the elbow.
Another motivation of this study is to take advantage of the corroded straight pipe formulas, which were developed using several industrial design codes, to find an easier and more accurate method for assessing elbows with defects. A quick calculation of the structure life time and maximum allowable pressure without using Finite Element Analysis (FEA) or computational analyses are the main goals of this study. In addition, the findings of this study are compared with the existing research and methods. Duan and Shen (2006) examined the plastic limit pressure of elbows without defects and with local thinned areas located in the extrados using FEA and experiments. They proposed an empirical formula for the limit load of elbows with local thinned areas located in the extrados by fitting the FEA results and experimentally validated the developed formula. Li et al. (2001) studied local thin areas and material degradation caused by erosion/corrosion in piping systems and proposed a method to assess the acceptability of the local thin area in an elbow. They then compared the developed method with FEA results. Mohd et al. (2014) examined a straight pipe with a single defect and developed an assessment method by comparing the code-based design data and FEA results.
In the present study, the burst pressure of a corrosion damaged elbow was predicted by numerical analysis using ANSYS nonlinear FEA software (ANSYS, 2012) . The FEA was performed to prevent uncertainties and inaccuracies in the design codes. The damaged areas in different positions of an elbow were modeled using CAD software. The burst strength capacity of an elbow with defects was evaluated using empirical models and numerical analyses with both internal and external defects in 10 positions. The FEA results of all of the positions with a single defect were then assessed. A comparison of the numerical analysis and empirical formulas (industrial codes) was conducted to validate the developed method. The pipeline was then subjected to integrity assessments (i.e., predictions of its structural failure modes under external and internal pressure). Fig. 1 shows the overall procedure of this study. Fig. 1 Overall procedure of the study of a single corrosion damaged steel elbow under internal pressure.
The overall procedure for assessing the damaged elbow in this study is summarised as follows: 1) Research and selection of a single corroded structure (size, material, shape and working environment). 2) Calculation of the burst pressure of a damaged straight pipe using several industrial codes. 3) Burst pressure calculation of the damaged straight pipe using the modified Goodall formula. 4) CFD analysis of the internal erosion in the elbow to determine the most defective position. 5) FEA to derive the burst pressure of the erosion/corrosion damaged elbow (modelling, mesh selection, boundary condition, limit load method and evaluation) 6) Comparison of the FEA results with the results of the industrial code-based calculations and the Goodall formula. 7) Establishment of an improved burst pressure calculation method that is less conservative than the industrial codes and the Goodall formula (by multiplying the Lorenz factor by the burst pressure of the straight pipe calculated by the industrial codes). 8) Validation of the method and conclusion.
DESCRIPTION OF INDUSTRIAL CODE BASED DESIGN

ASME B31G
In 2009, the American Society of Mechanical Engineers established the ASME B31G model based on a full-scale burst test of defective straight pipes. The calculation of the remaining strength of pipes with a single defect was suggested by the ASME B31G model together with the prediction of the burst pressure. The ASME B31G design code suggests an evaluation method for the partial metal loss of a pipe wall caused by either internal or external corrosion. The corrosion defect depth 
Conclusion
varies between 10%~80% of the total wall thickness of the pipe. The longitudinal extent of the corroded area iAs covered by the ASME B31G design code. The circumferential extent of the corroded area is disregarded. As shown in Fig. 1 , the shape of the corroded area of the pipe wall is idealised to parabolic and rectangular shapes, with the short longitudinal extent idealised as parabolic and the long longitudinal extent idealised as rectangular. The expected failure pressure is given by Eqs. 1 and 2 for short and long defects, respectively. Short and long defects are defined in the modified ASME B31G as follows. If 50 L Dt ≤ , the defect is assumed to be short. If
, then the defect is assumed to be long:
The bulging stress magnification factor (M) is defined as: 
Modified ASME B31G
The modified ASME B31G was developed after the ASME B31G to calculate the strength of the remaining wall thickness of straight pipes after a defect occurs. The modified approach uses a calculation method to obtain the Maximum Allowable Operating Pressure (MAOP) in damaged pipes. The ASME B31G pipe design code is generally used for the evaluation of metal wall loss due to either internal or external corrosion. The total defect depth does not exceed 80% of the wall thickness. However, the ASME B31G only deals with the longitudinal extent of the corroded area and does not consider the other circumferential extent. In the modified ASME B31G, the corrosion damaged area is idealised and assumed to be rectangular in shape. The depth of the idealised rectangular area is taken as 85% of the deepest point of the actual corrosion, as shown in Fig. 3 . The short and long defects are defined by the relationship between the length of the defect, the pipe wall thickness and the pipe diameter. Fig. 3 Assumption of the corrosion shape by the modified ASME.
The equation of structural failure pressure in the modified ASME B31G differs with the change in the defect length limit. The failure pressure is estimated by Eqs. (4)-(6). 1 0.85 2 69.1 1 1 0.85
For 50 L Dt ≤ (short defect), M is given as:
DNV-RP-F10
The pipeline with defect model in DNV-RP-F101 is one of the most applicable models for the data used in the oil and gas industries. The model is used to assess single/multiple interacting and complex-shaped defects in pipeline structures. In addition, it introduces an assessment method for single corrosion defects under combined internal pressure and longitudinal compressive stress. The assessment is divided into a safety factor calculation and allowable stress methods. With the safety factor method, a safety factor of 0.9 is used to represent the inaccuracy of the modelled corrosion mass and size. The burst pressure equation is given by Eq. (7) and the allowable stress failure pressure is given by Eq. (8). The assumption of the corrosion shape according to DNV-RP-F101 is illustrated in Fig. 4 .
Actual shape of the metal loss defect Assumed rectangular metal loss defect
PCORRC
The PCORRC model for corrosion damaged straight pipes provides a method for experimentally and numerically calculating the failure mode. The equation for the failure mode was developed based on the failure pressure value of the corrosion defect, assuming that the pipe is composed of ductile material. The failure mode equation comprises two established failure predictions: 1) The burst pressure of a plain pipe is the upper limit.
2) The failure pressure of infinitely long defects is the lower limit.
These equations were developed by fitting curves to a series of failure predictions obtained using simple PC software. An exponential function is used to represent the PCORRC burst pressure capacity, which is defined as follows:
where is assumed to be 95% of the ultimate tensile strength of the tensile test and the curve fit coefficient (C) is 0.224 in the case of the conservative prediction of a corroded pipeline. The above equation is then changed to:
Modified goodall formula
For a thin-walled elbow, Goodall (1978) proposed a formula for the limit pressure f P , which is calculated as:
The flow stress in the above formula is defined by
as the average stress. The Goodall formula is used for thin-walled elbows without any damage. Duan and Shen (2006) suggested a modified formula for elbows with single defects, shown in Eqs. 12-14: 
In Section 3, the results of the calculations are compared and validated with the industrial code-based design and numerical analysis results.
Elbow burst pressure
The assessment of corroded elbows goes beyond the above equations, as with that for piping with pits and local thin areas. This assessment was accomplished in Bubenik and Rosenfeld's (1993) study "Assessing the Strength of Corroded Elbows". In their study, burst tests were conducted on 90° elbows. The results form the basis of the assessment for elbows with defect(s). The equations for the theoretical elastic stress distributions are presented in the form of the Lorenz factor, which accounts for the uniform stress distribution around the circumference of 90° elbows. 
The range of allowable pressure is determined by applying (1/LF) obtained Lorenz factors to the allowable pressure of a straight pipeline with defect(s), which is obtained from the calculation of ASME, DNV, PCORRC and the Shell 92 industrial code based design. Table 1 shows the calculation of the burst pressure according to the industrial design codes for a corrosion/ erosion single defect elbow. 
NUMERICAL SIMULATIONS
Target structure
An aging subsea gas pipeline elbow was the target structure for this study. The selected elbow had defects in five internal and five external positions. The target structure is a pipeline system that located offshore of Terengganu, Malaysia (South China Sea). All of the information used in this study, including the size, material and corrosion defect dimensions, were obtained from Mohd et al. (2014) . The geometrical characteristics and material information of the target structure (elbow) are outlined in Table 2 . In addition to the code-based design of the corrosion/erosion defected elbow, a numerical FEA method was considered to obtain a more accurate prediction of the burst strength capacity of the elbow. With this approach, a three-dimensional elasticplastic numerical analysis using ANSYS was used to simulate the burst/collapse pressure capacity of the defective elbow. Fig. 6 shows the dimensions of the target structure (elbow), including the depth, length and position of the corroded region. Predicting erosion by Computational Fluid Dynamics (CFD) is a three-step process. The first step is to model the flow-field using the Eulerian approach. In the second step, particle tracking is performed using the Lagrangian approach. In this step, each particle is considered as a discrete entity and the particle trajectory is calculated based on the calculated flow-field in the first step and the exchange forces. Finally, the data provided in the second step are used to calculate the erosion rate at the wall. The conservation equations for mass and momentum are written as follows:
.
Eq. (21) is the momentum equation in the X direction. The momentum equations for the Y and Z directions are similar. The term S E in the momentum equation represents the momentum exchange between the continuous flow-field and the particles. Fluent 6.3 was used to solve the governing equations with the finite volume method. The standard k-epsilon model and the standard wall function were used to model the turbulence effects. The trajectory of each particle was calculated by integrating the force balance on the particles. The governing equation of the motion of the particles is written as follows:
where p and f denote the particle and flow, respectively. The first term on the right hand side represents the drag force and the other terms represent the buoyancy force, pressure gradient force and virtual mass force, respectively. Two-way coupling was used to model the interactions between the particles and the continuous flow field. After following the above procedures, the impingement data, such as the speed and the angle of impact, are provided as the particles hit the wall. Using this information, the erosion rate can be calculated. The erosion rate is defined as follows:
where m p is the mass flow rate of the particles, u p is the velocity of particles and A faces is the area of the grid cell. Previous studies have revealed that the reflected velocity of the particles is less than the incoming velocity. Furthermore, the angle of impact has been observed to have a significant effect on the coefficients of restitution. The perpendicular and parallel coefficients of restitution for sand impacting API X42 carbon steel are incorporated into the model. 
where θ is the impact angle of the particles, the impact angle function f(α) is a piecewise linear function and the diameter function C(d p ) and the velocity exponent function b(v) are the model constants.
The carrier fluid in this study was natural gas and the mass flow rate of the sand particles was specified as equal to 0.05 g/s at the inlet. The velocity of natural gas at the inlet was 10 m/s and the diameter of the sand particles was 0.04 inches. An elbow with an internal diameter of 168.272 mm was considered. A grid consisting of approximately 326,500 hexahedral cells was generated using Gambit 2.3.16. Fig. 7 shows the grid and the predicted trajectory of the sand particles. The CFD simulation method used in this study was identical to the method used in the application and experimental validation of the CFD-based erosion prediction model for elbows and plugged tees in Chen et al. (2004) . Fig. 8 shows the comparison of the predicted data by simulation with the experimental results. Fig. 8 Validation of the CFD analysis prediction with experimental results. (2007) is commonly used to manufacture the pipelines used in the oil and gas industries. The target structure installed offshore of Terengganu, Malaysia, was also made from API X42. The material properties of API X42 used in the FEA are shown in Table 3 . Fig. 9 shows the true stress-strain curve of the API X42 steel. In this study, the true stress-strain experimental data based on Cronin (2000) were used for the FEA. Fig. 9 True stress-strain curve of API X42 steel.
Material
API X42
FE Modelling
The results of the CFD analysis showed that erosion corrosion appeared mostly at the centre of the bending angle, as shown in Fig. 7 . Five (two positions on the extrados, two positions on the intrados and one position on the centre line) external defect positions and five (two positions on the extrados, two positions on intrados and one position on the centre line) internal defect positions were modelled to more accurately observe the behaviour of the elbow, as shown in Fig. 6 . The corrosion/erosion at these positions was idealised to a rectangular shape to provide the appropriate conditions for comparison with the code-based design results. Full scale eight node iso-parametric brick (Solid 185) elements with a reduced integration option model were used for the target structure (elbow). The structure was first modelled by 3D CAD modeller and then exported to ANSYS for numerical simulation. An inelastic multi-linear material model was also used for the structure.
Mesh and element size
A set of mesh convergence tests for several cases were performed to determine the appropriate size and quantity of mesh. It is desirable to find the minimum number of elements that give a converged solution. Fig. 10 shows the mesh convergence test results. According to the mesh convergence tests, 41,536 elements and 51,288 nodes were selected with the symmetry condition, including the corrosion defect areas for all defect positions, shown in Fig. 11 . Several internal and external defects located at different degrees of mean radius were performed with the FE model, as shown in Fig. 12 . The size and shape of the damaged area were determined according to the industrial code assumptions.
(a) (b) Fig. 12 FE model of the internally (a) and externally (b) corroded elbow.
Loads and boundary conditions
Internal pressure was added to all internal faces of the elbow to perform the burst strength test. For the boundary condition, both faces were bounded as UX=UY=UZ to restrict the movement of the elbow to the required directions during the FEA. Fig.  13 shows the boundary condition and internal load application for the FEA. 
Load limit definition
An ideal limit load, when the load corresponds to the limit state, occurs when the load stops increasing but the strain rate of the displacement continues increasing to infinity. The hypothesis of the load limit definition is that the material of the structure is assumed to be elastic and perfectly plastic material with only small displacements.
Fig. 14 Determination of the collapse load using the TwiceElastic-Slope (TES) line or plastic instability point.
In reality, such an ideal material does not exist because of strain hardening and geometry hardening or weakening. Accordingly, several load limit value determining methods have been proposed in the engineering field, such as the TwiceElastic-Slope (TES) method, three-times-elastic-slope method, twice-elastic-defect method, tangent-intersection method, zerocurvature method and 0.2% residual-strain method. In this study, the limit load determination is based on the load-strain curves using the TES method. The TES method is described in detail in the ASME Boilers and Pressure Vessel Code (2010). The strain in the load-strain curve is the maximum von-Mises strain of the elbow.
RESULTS AND DISCUSSION
The numerical analysis of the burst pressure for all positions (1~10) was conducted using FEA. The burst pressure of the elbow with defects was also calculated with the modified Goodall formula introduced in the previous section. A new method was proposed to calculate the burst pressure of an elbow with a single defect using the industrial codes and the Lorenz factor. The burst pressure of a straight pipe with a single defect was first calculated and the inverse Lorenz factor (1/LF) was then multiplied by the results for the straight pipe burst pressure to achieve the burst pressure of the elbow with defects. Table 4 compares the burst pressures of the elbow with a single defect calculated by FEA, the Goodall formula and the industrial codebased method. Table 4 Burst pressure calculation results based on industrial codes, the Goodall formula and FEA.
The comparison of the FEA results with those of the industrial code and Goodall formula showed that errors existed. The maximum error in the comparison of the FEA results and the Goodall formula was 33.0 percent and the minimum error was 18.3 percent. The maximum and minimum errors in the comparison of the FEA and ASME B31G results were 29.9 and 14.1 percent, respectively. This code was then upgraded to the modified ASME B31G, which is less conservative, and the respective errors reduced to 23.9 and 7.3 percent, respectively. Shell 92 appeared to be even less conservative than the modified ASME B31G. The errors in Shell 92 reduced to a maximum and minimum of 20.3 and 3.1 percent, respectively. With the DNV-RP-F101 and PCORRC codes, the results were more comparable with the FEA results. The maximum and minimum errors were 15.4 and 0.3 percent for PCORRC and 12.5 and 1.3 percent for DNV-RP-F101, respectively.
The results shown in Table 4 are illustrated in Figs. 15 and 16 , which compare the calculation results for the burst pressure of the elbow with defects based on industrial codes and the Goodall formula. Fig. 15 Comparison of the burst pressure calculation results base on industrial codes and the Goodall formula. Fig. 16 Comparison of the elbow burst pressure calculated by ASME B31G, modified ASME B31G, DNV-RP-F101, PCORRC, Shell 92, FEM and the modified Goodall formula. Fig. 16 illustrates the burst pressure of the elbow with defects calculated by ASME B31G, modified ASME B31G, DNV-RP-F101, PCORRC, Shell 92, FEM, and the modified Goodall formula. Fig. 16 also shows the curve trend and the gap between the FEA results and the proposed industrial code-based calculation method and the Goodall formula.
As shown in Figs. 16 and 17, the modified Goodall formula was the most conservative method. The curve appears to be similar to a straight line, so the different stress distributions of the extrados and intrados of the elbow with defects were not taken into consideration. The hatched area between the two lines (the FEA and Goodall formula results) shows that the stress distribution of the elbow was not considered (Fig. 17(a) ). The calculation of the burst pressure with the ASME B31G code illustrated in Fig. 17(b) shows that the curvature of the FEA results and ASME B31G code follow a similar trend. However, the gap between the two lines is big, which means the ASME B31G code was highly conservative. This code was then upgraded to the less conservative modified ASME B31G code. Fig. 17(c) illustrates the curvature and gap between the FEA and modified ASME B31G results. The Shell 92 code-based calculation results are compared with the FEA results in Fig 17(d) . The curvature of the two lines appears similar to that of the modified ASME B31G, although the gap between the lines is reduced. The results of the calculations based on the PCORRC and DNV-RP-F101 codes are illustrated in Fig. 17 (e) and (f). The curvature of the FEA and code-based calculation results are very similar and the gaps between the two lines are very small. Fig. 17 Curvatures and gaps between the FEA results and ASME B31G, modified ASME B31G, DNV-RP-F101, PCORRC, Shell 92, and modified Goodall formula based calculation results.
As shown in Fig. 17 , the trend of the burst pressures of the damaged elbows calculated by the industrial codes was identical to that of the FEA results, in contrast to the modified Goodall formula. The FEA results show that the burst pressure of the elbow varied not only by defect size but also the position of the defect around the mean radius. The result curves show the reduction in the burst pressure of the elbow with the same size of defect but different positions. The extrados had the lowest stress distribution and the intrados had the highest stress distribution. Elbows with defects on the intrados therefore fail earlier than those with defects on the extrados. Multiplication of 1/LF by the burst pressure of the straight pipe calculated by the industrial codes gave a burst pressure trend that was similar to the FEA and less conservative than the modified Goodall formula. Overall, the developed method provides a simple calculation of the burst pressure of elbows with defects that can be used instead of FEA. 
Eq. (25) is a simple equation for calculating the burst pressure of elbows with defects using industrial codes.
CONCLUSION
In this study, a local failure criterion for API X42 steel was used to predict the ductile failure of full-scale pipe elbows with simulated corrosion/erosion under internal pressure. The local failure criterion was the stress-modified fracture strain for normalised API X42 steel as a function of the stress triaxiality (defined by the ratio of the hydrostatic stress to the effective stress). For a pipe elbow with simulated corrosion/erosion defects, the results of the FEA with the proposed local fracture criterion indicated that predicted failure took place after the defective pipe elbow attained maximum loads for all cases, and thus the present approach suggests that pipe elbow failure is governed by global instability. A parametric study was performed, from which a simple method (multiplication of 1/LF by the burst pressure of the elbow according to the defect position on the mean angle) is proposed to predict the burst pressure for structural defects in gas pipe elbows made of the particular API X42 steel considered in the present work.
The burst pressure capacity of a damaged straight pipe was also calculated according to several industry codes (ASME B31G, modified ASME B31G, DNV-RP-F101, PCORRC and Shell 92). The burst pressures of the damaged straight pipe were then used to calculate the burst pressure capacity of an elbow with an identical area of damage. The results were compared with those of the modified Goodall formula. Based on the results of the code-based design, modified Goodall formula and FEA, the following factors can be concluded:
• The burst pressure predictions using the codes varied considerably in the straight pipeline and curved (elbow) structures.
• The burst pressure of the elbow with defects located on the intrados appeared lower than that of the straight pipe. However, the burst pressure of the elbow with defects located on the extrados appeared higher than that of a straight pipe with an identical defect size.
• The burst pressure of a damaged elbow could be simply determined by multiplying the Lorenz factor by the calculated burst pressure of the damaged straight pipe from the industrial codes, which was more accurate than the modified Goodall formula.
• The modified Goodall formula was the most conservative method and the burst pressures calculated by the modified Goodall formula were not consistent with the FEA results or the code-based design trend (extrados, crown, intrados) • All of the industrial code based calculations of the damaged elbow were conservative compared with the FEA results, except for DNV-RP-F101. However, the results calculated by the multiplication of 1/LF by the industrial code results were more comparable with the FEA results than those calculated by the modified Goodall formula.
• The results calculated by the modified Goodall formula appeared very conservative. The modified Goodall formula was developed based on the burst pressure of weakest point (intrados) of the elbow and other defect locations such as extrados or crown were not considered.
• The FEA method provides a general and reliable way to assess the burst pressure of complex corrosion defect shapes. Some codes such as DNV-RP-F101 offer guidelines for using FEA at an acceptable safety level.
